Chalcone synthase (CHS), chalcone flavanone isomerase (CFI), flavanone 3-hydroxylase (F3H) and flavonol synthase (FLS) catalyze successive steps in the biosynthetic pathway leading to the production of flavonols. We show that in Arabidopsis thaliana all four corresponding genes are coordinately expressed in response to light, and are spatially coexpressed in siliques, flowers and leaves. Light regulatory units (LRUs) sufficient for light responsiveness were identified in all four promoters. Each unit consists of two necessary elements, namely a MYB-recognition element (MRE) and an ACGT-containing element (ACE). C1 and Sn, a R2R3-MYB and a BHLH factor, respectively, known to control tissue specific anthocyanin biosynthesis in Z. mays, were together able to activate the AtCHS promoter. This activation of the CHS promoter required an intact MRE and a newly identified sequence designated R response element (RRE AtCHS ) containing the BHLH factor consensus binding site CANNTG. The RRE was dispensable for light responsiveness, and the ACE was not necessary for activation by C1/Sn. These data suggest that a BHLH and a R2R3-MYB factor cooperate in directing tissue-specific production of flavonoids, while an ACE-binding factor, potentially a BZIP, and a R2R3-MYB factor work together in conferring light responsiveness.
Introduction
Flavonoids are secondary metabolites unique to plants comprising a great variety of compounds, including flavonols, anthocyanins and condensed tannins (Winkel-Shirley, 2001 ). They are involved in a number of processes including flower pigmentation, UV resistance, plant-pathogen interactions and pollen fertility (Shirley, 1996; Weisshaar and Jenkins, 1998) . Since the accumulation of flavonoids is not required for plant fitness under greenhouse conditions, and because the loss of pigments can easily be detected, many mutants affected in this pathway or its regulation have been generated and investigated (Holton and Cornish, 1995) .
The first step in flavonoid biosynthesis is catalyzed by chalcone synthase (CHS). The resulting chalcone C-15 scaffold is subsequently modified by the action of chalcone flavanone isomerase (CFI), flavanone-3 hydroxylase (F3H), and flavonol synthase (FLS) to form flavonols (Figure 1 ; Forkmann and Martens, 2001 ). For Arabidopsis thaliana, the genes encoding the enzymes involved in the formation of the flavonol aglycons have been identified Pelletier et al., 1997; Wisman et al., 1998; Schoenbohm et al., 2000) . Flavonol glycosides, which are formed from flavonols by the activity of specific glycosyl transferases, together with sinapate esters, function in protecting plants against the damaging effects of UV light (Li et al., 1993; Jin et al., 2000) .
The accumulation of UV-B protective compounds is predominantly controlled at the level of transcription (Chappell and Hahlbrock, 1984; Douglas et al., 1987; Jin et al., 2000) , and UV and blue light have been shown to stimulate CHS transcription in several species including A. thaliana (Feinbaum et al., 1991; Christie and Jenkins, 1996; Hartmann et al., 1998) .
CHS promoters have been studied in great detail (Batschauer et al., 1994) , and promoter elements regulating CHS activity in response to UV light are known from mustard (Sinapis alba) and parsley (Petroselinum crispum; Schulze- Lefert et al., 1989; Kaiser et al., 1995) . In A. thaliana a light regulatory unit (LRU AtCHS ), consisting of an ACGT-containing element (ACE AtCHS ) and a MYB recognition element (MRE AtCHS ), has been identified that is necessary and sufficient to confer light dependent CHS promoter activity . On the basis of the data on cis-acting elements, a number of corresponding DNA-binding proteins have been isolated by biochemical means. Several basic region/leucine zipper (BZIP) factors have been identified which bind to the ACE (Weisshaar et al., 1991; Dro¨ge-Laser et al., 1997) . The MRE is recognized by MYB factors containing one or two MYB repeats in the DNA-binding domain (Feldbru¨gge et al., 1997) . It has also been shown that CHS enzyme formation and light dependent PcCHS mRNA accumulation is blocked by cycloheximide (chx) in P. crispum (Hahlbrock and Ragg, 1975; Feldbru¨gge et al., 1994) . The same could be shown for CHS transcription in cultured A. thaliana cells under UV-A/ blue and UV-B conditions (Christie and Jenkins, 1996) , indicating that the UV light signal transduction cascade involves de novo protein (factor) synthesis .
Factors that control transcription of the genes encoding flavonoid biosynthesis enzymes have also been isolated by genetic means (Holton and Cornish, 1995) . In Zea mays, the R/Sn-like and C1/Pl-like regulatory proteins control transcription of the anthocyanin biosynthesis genes in different tissues (Mol et al., 1996; Procissi et al., 1997; Mol et al., 1998) . R/Sn-like proteins display sequence similarity to the basic helix-loop-helix (BHLH) DNA binding/dimerisation domain along with an acidic domain found in transcriptional activators. The consensus recognition sequence for BHLH proteins is represented by the CANNTG Figure 1 . Simplified, schematic representation of the biosynthesis of flavonols and anthocyanidins. The enzymes are indicated in capital letters. Abbreviations are as follows: CHS, chalcone synthase; CFI, chalcone flavanone isomerase (also referred to as CHI); F3H, flavanone 3-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol 4-reductase. Note that the action of FLS is required for biosynthesis of flavonols while DFR is necessary for biosynthesis of anthocyanidins.
motif (Blackwell and Weintraub, 1990; Heim et al., 2003) . C1 and Pl are MYB transcription factors of the R2R3-type (Romero et al., 1998; Rabinowicz et al., 1999; Stracke et al., 2001) . In Z. mays kernels, the presence of both, a R-like BHLH and a C1-like R2R3-MYB factor, is required for transcriptional activation of anthocyanin biosynthesis genes. Pigmentation in floral organs of Z. mays is controlled by the transcription factor P (Grotewold et al., 1994) , a R2R3-MYB protein that activates transcription of the C2 (ZmCHS), ZmCFI and A1 (ZmDFR) genes which are required for both, phlobaphene and anthocyanin biosynthesis. In contrast to C1 and Pl, P does not need a cofactor; it acts alone in activating transcription (Grotewold et al., 1994) .
In addition to the data from Z. mays, R2R3-MYB and BHLH factors regulating anthocyanin biosynthesis have also been identified by genetic means in Petunia hybrida and Antirrhinum majus. In P. crispum and Nicotiana tabacum, where biochemical approaches were used to define the regulatory proteins involved, MYB and BZIP factors were identified . Thus, there is agreement about the involvement of MYB-domain transcription factors in regulating CHS expression, but most genetic data support the involvement of BHLH factors in regulating pigment formation, while most biochemical data support the involvement of BZIP proteins.
In the present study, we describe the coregulation of CHS, CFI, F3H and FLS genes in A. thaliana. Analyses of the CFI, F3H and FLS promoters functionally identified the cis-acting elements involved in conferring light responsiveness in all three promoters. These elements are very closely related to MRE AtCHS and ACE
AtCHS
, suggesting that the coordinated expression of CHS, CFI, F3H and FLS is based on functionally identical ciselements which are recognized by the same factors. In addition, a R response element (RRE) was identified in the CHS promoter. We demonstrate the differential combinatorial interaction of MRE AtCHS with either ACE AtCHS or RRE
, respectively, in response to different activating stimuli.
Experimental procedures
Standard molecular biology techniques were applied according to Sambroock et al. (1989) . All DNA sequencing was performed by the MPIZ DNA core facility ''ADIS'' using BigDye terminator chemistry on Applied Biosystems 377 sequencers. Oligonucleotides were purchased from MWG (Ebersbach, Germany) and Invitrogen (Paisley, GB). DNA fragments were purified using the QIAquick kitâ (Qiagen, Hilden, Germany), following the suppliers instructions.
Cell culture and plant material
A. thaliana plants (Col-0) used for RNA isolation were grown in a greenhouse on soil. Eight-weekold mature plants were dark adapted for 70 h and then irradiated with UV-containing white light for 3, 6, 10 and 24 h in a phytochamber (40 W/m 2 ). Plant material was harvested, frozen in liquid nitrogen and stored at )80°C until use. The A. thaliana cell line At7 which grows in the dark has been described previously (Trezzini et al., 1993; Hartmann et al., 1998) . To block de novo protein synthesis, protoplasts derived from At7 cells were treated with 10 lM cycloheximide; the drug was added to the culture 30 min before the onset of light irradiation.
RNA isolation and RNA gel-blot analysis
Isolation of total RNA from plant material and At7 protoplasts was carried out as previously described (Feldbru¨gge et al., 1994; Hartmann et al., 1998) . Ten microgram total RNA was size fractionated in 1% agarose gels containing formaldehyde, transferred to Hybond-N+ membranes, and hybridized with radiolabelled probes.
Probes for RNA gel-blots and labelling
Radiolabelled probes were generated by random priming using gel-purified DNA fragments as described previously for the CHS probe . The FLS probe has also been described before (Wisman et al., 1998) . The CFI probe was derived from a PCR-fragment corresponding to the CFI cDNA (GenBank accession no. AJ418046). The F3H probe was synthesized by RT-PCR using primers oS4 (5 0 -AGGAACTTTG ACTGAGCTAGCCGGAGAGTC-3 0 ) and oS6 (5 0 -GACCGTGGTCGCCGAGATTGACGAC 3 0 ). The resulting cDNA fragment covers positions 911 to 1780 in GenBank accession no. U33932 (Pelletier and Shirley, 1996) excluding the intron. The UBQ probe was a 550 bp EcoRI fragment derived from A. thaliana EST clone AttSo348 (accession no. Z17774) encoding polyubiquitin. Conditions for stringent washes were 0.2 · SSC and 0.5% SDS at 65°C. X-ray films were exposed at )80°C with intensifying screens.
Promoter isolation and rapid amplification of cDNA ends (RACE)
To isolate the CFI and FLS promoter regions from the accession Columbia-0, a genomic library (EMBL4-gAtCol, kindly provided by Csaba Koncz) was screened. The probe for CFI consisted of 660 bp of the 5 0 region of the Landsberg erecta (Ler) CFI gene , the FLS probe was the respective cDNA (accession no. U84259). Promoter fragments of 1903 bp (CFI, accession no. AF439537) and 2079 bp (FLS, accession no. U84258) were isolated and sequenced. To isolate the Col-0 F3H promoter, PCR was carried out using genomic DNA and primers oS1 (5 0 -GCGGGATCCGTTCTCTCAT GG-3 0 ) and oS3 (5 0 -GAGCCATGGTAATTACG AAGACAAAAGAC-3 0 ). Primers were initially designed according to accession no. U33932 which contains the Ler sequence; our Col-0 F3H promoter sequence is available under accession no. AF064064. The transcriptional start sites of the CFI, F3H and FLS genes were mapped by Rapid Amplification of cDNA Ends (RACE; Frohman et al., 1988) . The initial primer extension reaction was performed using 2 lg of total RNA isolated from irradiated At7 cells and primer 1 (CFI, 5 0 -ACAGCTTTAGCTTCACAGT C-3 0 ; F3H, 5 0 -CACTT TCACCCATCCTTCAGG CTTATTTG-3 0 ; FLS, 5 0 -GGAACAAGAAGAG TGATTCCAC-3 0 ). After poly(A) tailing, PCR was performed using primer 2 (CFI,
0 -TAAAGCTAAATCCGGCCGAGG-3 0 ) and the SK-T17 primer (Kawalleck et al., 1993) . The products were size-separated and analyzed by DNA gel-blot experiments. A second PCR was performed with 2 ll of the first PCR reaction as template, the SK primer (Stratagene, Heidelberg) and primer 3 (CFI, 5 0 -GACGAATTCACGGAA GAACG-3 0 ; F3H, 5 0 -CCAATCTTGCACAGCC TCTCC-3 0 ; FLS, 5 0 -GAATCCCTAATAACGTC TCCG-3 0 ). Primer 3 was designed to anneal about 100 bp upstream of primer 2. The resulting PCR products, which were 100 bp smaller than the hybridizing band, were inserted into pCRscript (Stratagene) and analyzed by sequencing. All primers used for RACE were designed to anneal downstream of the first intron. None of the final sequences obtained for CFI, F3H and FLS contained the respective intron.
Promoter deletion and block mutation construction
Promoter constructs for CFI, F3H and FLS promoters were created on the basis of pBT10-GUS (Sprenger-Haussels and Weisshaar, 2000) as described before for the CHS promoter AtCFI dimer construct contained two copies of the 61 bp CFI promoter region from )39 to )99. Double stranded oligonucleotides with compatible BamHI and BglII restriction sites were ligated into BamHI/BglII-digested pBT10-GUS and dimerised. The FLS promoterbased dimer constructs were created in the same way. The LRU AtFLS construct contained a dimer of the FLS promoter region from )42 to )97, and the XU construct the region from )15 to )62.
Isolation of protoplasts and (co-)transfection experiments
Protoplast isolation, transfection experiments and illumination conditions for transient expression assays were as described previously , except that 25 lg plasmid DNA were used in cotransfection experiments (10 lg reporter plasmid, 5 lg effector construct, 5 lg standardization plasmid pBT8UBI-LUCm3 (SprengerHaussels and , and 5 lg of a promoterless luciferase construct pBTDLUC to end up with a total amount of 25 lg DNA). The transfected protoplasts were incubated at 26°C for 20 h in the dark.
Preparation of nuclear extracts and overexpression of C1
According to a protocol adapted from Green et al. (1987) , nuclear extracts for EMSAs were obtained from 40 g of dark grown At7 cells. Cells were ground to a fine powder under liquid nitrogen. 2.2 vol (v/w) of nuclei isolation buffer (20 mM Tris/HCl pH 7.8, 5 mM KCl, 5 mM MgCl 2 , 250 mM sucrose, 70% (v/v) glycerol, 1 mM DTT, 0.2 mM PMSF) were added and the mixture was gently stirred at 4°C until complete suspension of the frozen material. The suspension was consecutively passed through 60 and 20 lm nylon meshes. The filtrate was centrifuged for 1 h at 3500 · g at 4°C. The pellet was gently resuspended in 1.5 vol (v/w) of nuclei isolation buffer without glycerol and centrifuged as above for 40 min. The nucleicontaining pellet then was resuspended in 0.2 vol of nuclei extraction buffer (25 mM HEPES/KOH pH 7.8, 50 mM KCl, 0.1 mM EDTA, 10% (v/v) glycerol, 1 mM DTT, 0.1% 2-mercaptoethanol, 0.2 mM PMSF) and slowly stirred for 30 min on ice. 0.1 vol. of 4M (NH 4 ) 2 SO 4 were added drop wise under low stirring. After additional stirring for 30 min on ice, the suspension was centrifuged for 30 min at 100,000 · g. The supernatant was dialyzed against nuclei extraction buffer at 4°C and the protein concentration was determined using the BioRad (Munich, Germany) ''Protein assay'' with BSA as standard.
For overexpression of the C1 protein the complete ORF (kindly provided by Chiara Tonelli) was PCR amplified using primers oS56 (5 0 -ATA GGTACCTCCGGAACCATG GGGAGGAGG GCGTGTTGC-3 0 ) and oS57 (5 0 -TATGGATCC ACCGGTCGCAAGCTGCCCGGCCGTCTGAC-3 0 ) to introduce a NcoI-site containing the ATG start codon at the 5 0 end and a BamHI site at the 3 0 end using a C1 cDNA containing plasmid as template. The resulting PCR fragment was cloned into the vector pCRscript (Stratagene). The complete ORF was excised from the vector by cutting completely with BamHI and partially with NcoI (C1 contains an internal NcoI-site). The resulting fragment was ligated into NcoI/BamHI-digested pQE60 (Qiagen) to yield a construct able to express full-length C1 with a C-terminal (His) 6 tag (pQE60-C1::His 6 ). The C1 protein was isolated from IPTG-induced SG13009 cells (containing pUBS520; Brinkmann et al., 1989) transformed with pQE60-C1::His 6 ; these cells were grown in 100 ml TB medium containing 2% glucose, 200 lg/ml ampicillin and 25 lg/ml kanamycin to an OD 600 of about 0.8. C1::His 6 expression was induced by adding IPTG to a final concentration of 2 mM and cells were grown for another 4 h at 37°C. Cells were harvested by centrifugation (Heraeus, 4000 rpm, 10 min) and the pellets were frozen at )80°C until further use. Purification of C1::His 6 was performed under denaturing conditions on Ni-Agarose columns with subsequent renaturation according to the manufacturers protocol (Qiagen).
Effector constructs for transient cotransfection experiments
The effector plasmids were derivatives of pBT8-35S-LUC (Sprenger-Haussels and in which the LUC ORF had been replaced. The 35S-C1 construct contains the complete C1 ORF (see above) ligated into 35S-pBT8 digested with NcoI and BclI. 35S-Sn and 35S-P were constructed in a similar way. The Sn ORF was amplified using the Megaprimer method (Sarkar and Sommer, 1990 ) using primers oS60 (5 0 -TATGGATCCACCGGTCCGCTTCCCTAT AG CTTTGCGAAGAG-3 0 ), oS61 (5 0 -CCGGTC CTCACAATGGACGCCGGCAC-3 0 ) and oS59 (5 0 -ATAGGTACCTCCGGAACCATGGCGCT TTCAGCTTCCCGAG-3 0 ) to eliminate a NcoI site in the Sn ORF. The P ORF (AF427146) was PCR amplified using primers oUH34 (5 0 -ATAGGTACC TCCGGAGCCATGGGGAGGACGCCGTGC TGCG-3 0 ) and oUH35 (5 0 -ATAGGATCCACCG GTGATACGCAAGAGCTCCACGC-3 0 ). The PCR templates were plasmids containing the Sn and P cDNAs kindly provided by Chiara Tonelli and Erich Grotewold, respectively.
EMSA experiments
Binding reactions contained in a total volume of 20 ll 1 · binding buffer (7% glycerol, 4 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 25 mM HEPES/ KOH pH7.4), 5 pmoles 32 P-labeled ACE probe, 100 ng unspecific competitor (poly(dIdC)), 2 lg nuclear extract protein, and for competition experiments a 5, 25 and 125 molar excess of unlabeled oligonucleotide competitor. The mixture was incubated at room temperature for 10 min. Reactions using C1 contained 100 ng of purified C1::His 6 protein and 1 lg/ll of milkpowder (Naturaflor, To¨pfer, Dietmannsried, Germany). DNA-protein complexes were separated from unbound probe on 5% native PAA gels in 0.5% TBE-buffer (Sambrook et al., 1989) at 15 V/cm at 4°C. After electrophoresis gels were dried and subjected to autoradiography at )80°C with intensifying screens.
Results

CHS, CFI, F3H and FLS are coordinately expressed
Flavonol biosynthesis starts from 4-coumaroylCoA and malonyl-CoA by the action of the enzymes CHS, CFI, F3H and FLS. Expression of the corresponding genes in various organs of A. thaliana plants was monitored using RNA gel-blot experiments. Transcripts of the four genes were detected in siliques, flowers and leaves ( Figure 2A ). In general, the relative expression levels were similar. Only transcript accumulation of CHS in siliques and of FLS in flowers were slightly increased compared to the other transcript levels detected. Pilot experiments demonstrated that dark-adaptation of A. thaliana plants for 70 h resulted in strongly reduced transcript levels of the genes studied. To analyze light induction, plants were dark adapted and transferred to UV-containing white light. Leaf material was harvested at selected time points of constant irradiation. For all four genes tested, transcript accumulation was detectable at 6 h after the onset of illumination ( Figure 2B ). Light-dependent expression was also tested in protoplasts suitable for transfection experiments. A. thaliana protoplasts derived from cultured At7 cells were irradiated with UV-containing white light for different time periods. RNA gel-blot analysis demonstrated transcript accumulation 6 h after onset of light treatment for CHS, CFI, F3H and FLS ( Figure 2C ). The accumulation kinetics for all four transcripts were similar. Taken together, these experiments revealed that CHS, CFI, F3H and FLS are coexpressed. Cylcoheximide blocks the light-dependent mRNA accumulation of CHS, CFI, F3H and FLS To determine whether de novo synthesis of protein factors is required for the light-dependent accumulation of CFI, F3H and FLS transcripts, we used the protein biosynthesis inhibitor cycloheximide (chx). CHS was included as a control. Figure 2D shows that CHS, CFI, F3H and FLS transcript accumulation is blocked by chx. This results suggest that light induced transcription of all four genes requires de novo protein synthesis. Consistently, a lag phase of several hours was observed for gene activation to occur after the onset of illumination ( Figure 2C ). De novo synthesis of protein factors therefore is an important step in the signal transduction cascade leading to the coordinated activation of all four flavonol biosynthesis genes.
Structure of the A. thaliana CFI, F3H and FLS promoters
To investigate whether the observed coexpression of CHS, CFI, F3H and FLS in response to light is based on a common mechanism, functional elements were identified by transient expression experiments in the CFI, F3H and FLS promoters. Since LRU AtCHS has previously been identified in sequences derived from the Col-0 allele of the CHS gene, we isolated the three other promoter regions also from this accession. The start site of transcription was determined for the CFI, F3H and FLS promoters by 5 0 rapid amplification of cDNA ends (5 0 RACE). Figure 3 schematically shows the structure of the promoters of the flavonol-related genes including CHS. No additional leader exon which would shift the promoter to a more upstream position was detected in these genes.
For each promoter, 5 0 -deletion series were assayed by transient expression using At7 protoplasts. All constructs contained the respective promoter-fragment translationally fused to the uidA ORF encoding GUS, and GUS activity was taken as a measure for promoter activity. None of the promoter deletions was active in protoplasts kept in darkness. Deletions to )161 for CFI, )463 for F3H and )153 for FLS, retained high promoter activity in the light and displayed 456-fold, 75-fold and 206-fold light inducibility, respectively (data not shown). The )161, )463 and )153 promoters were operationally defined as the minimal promoters that contain the elements critical for conferring light responsiveness.
Sequence comparison of the CFI, F3H and FLS minimal promoters with the light responsive elements of the CHS promoter revealed several potential cis-acting elements similar to ACE
AtCHS
and MRE
AtCHS (Figure 3 ). The CFI promoter contains two potential MYB recognition sequences (MRS), designated MRE AtCFI and MRS2, and one ACGT-containing sequence referred to as ACE AtCFI . The F3H promoter contains two putative MRSs (MRE AtF3H and MRS3) and three ACS motifs, while the FLS minimal promoter sequence displays one MRS and two ACS motifs.
Coactivation of CHS, CFI, F3H and FLS is conferred by the same type of regulatory unit
To further define the exact cis-acting elements involved in light responsiveness, block mutations were introduced into MRE-and ACE-like sequences in the context of the respective minimal promoters (see Materials and Methods for sequences of block mutations). In the CFI promoter block mutations were introduced in MRE AtCFI , MRS2 and ACE AtCFI giving rise to MREm, MRS2m and ACEm, respectively. Mutation of either MRE AtCFI or ACE AtCFI (MREm, ACEm) greatly reduced the level of promoter activity in the light compared to the wildtype minimal promoter, whereas a block mutation in MRS2 (MRS2m) only lead to a slight reduction in promoter activity ( Figure 4A ). These data show that MRE AtCFI and ACE AtCFI are necessary for CFI promoter function in response to light. In a gainof-function experiment, the CFI promoter region containing MRE AtCFI and ACE AtCFI (designated LRU AtCFI ) was proven to confer light responsiveness to the heterologous 35S core promoter containing only a TATA box and initiation site. These results demonstrate that LRU AtCFI is necessary and sufficient to confer light responsiveness.
In the F3H promoter, block mutations were introduced in MRE AtF3H , MRS3, ACE AtF3H , ACS3 and ACS4 giving rise to MREm, MRS3m, ACEm, ACS3m, and ACS4m, respectively. Block mutations in either MRE AtF3H (MREm) or Figure 4 . The combination of an ACE and a MRE confers light responsiveness to the CFI, F3H and FLS promoters. Bars indicate mean values of GUS' activity (specific GUS activity standardized to the internal luciferase control in each transfection) from six independent transfections with the respective standard deviations. Numbers above the bars indicate promoter activity relative to that of the respective minimal promoter in the light which was set to 100%; below the bar the assayed promoter construct is indicated. Constructs were designated according to the block-mutated sequence element(s). LRU and XU refer to gain-of-function constructs containing the )46 35S core promoter and the respective promoter regions described in Figure 3 . The horizontal bar on top specifies whether the transfection data in the three panels (A to C) were obtained from protoplasts exposed to light or kept in the dark. Since the activity of all promoter variants was very low, the mean was build over all dark values with a given promoter. c ACE AtF3H (ACEm) lead to a strong reduction to about 28% of light-dependent promoter activity ( Figure 4B ). The other mutations only slightly reduced light-dependent promoter activity or even lead to an increase. When the mutations in ACE
AtF3H and MRE AtF3H were tested in combination, light responsiveness was lost completely. Since the two elements are separated by about 300 bp, no gain-of-function experiment was performed. These data indicate that ACE AtF3H and MRE AtF3H are necessary to confer light responsiveness to the F3H promoter.
Also the FLS promoter was analyzed in transient expression assays ( Figure 4C ). Mutations in either MRE AtFLS or ACE AtFLS resulted in a dramatic decrease of promoter activity in the light, whereas a block mutation in ACS2 (ACS2m) lead to a 2.3-fold induction of promoter activity compared to the wildtype minimal promoter, indicating that MRE AtFLS and ACE AtFLS are promoter elements necessary to confer light responsiveness. In a gain-of-function experiment LRU AtFLS , containing MRE AtFLS and ACE AtFLS , was proven to confer light responsiveness to the 35S core promoter. A similar construct created on the basis of MRE AtFLS and sequences downstream of this element (designated XU) was inactive. These data demonstrate that LRU AtFLS , which contains MRE AtFLS and ACE
AtFLS
, is necessary and sufficient for the light-dependent FLS promoter activity.
In all three promoters analyzed, and in the previously analyzed CHS promoter, the functional cis-acting elements conferring light responsiveness are (i) a MYB recognition element (MRE) and (ii) an ACGT-containing element (ACE). Alignment of these functionally relevant sequences revealed a consensus sequence for MRE and ACE, respectively ( Figure 4D ). The coordinated expression of CHS, CFI, F3H and FLS in response to light is therefore conferred by the combinatorial action of two distinct cis-acting elements which are common to all four promoters.
Similar transcription factors bind to the ACEs of the CHS, CFI, F3H and FLS promoters
Due to the sequence similarity observed and the functional relationship of the ACEs studied, it is likely that these elements are bound by the same class of transcription factors. To test this hypothesis, electrophoretic mobility shift assays (EMSA) were performed using A. thaliana nuclear extracts and double stranded oligonucleotides representing the four distinct functionally characterized ACEs. Two specific DNA-protein complexes typical for BZIP proteins were detected when ACE AtCHS was used as labelled probe (Figure 5) . Formation of these complexes was reduced when increasing amounts of unlabelled ACE AtCHS competitor DNA were added. This competition was not observed using the respective mutated version (ACEm AtCHS ). Similar results were obtained when the other ACEs were used as competitors; the wildtype sequences did compete while the mutated versions did not. The slower migrating complex (upper band) did show slightly higher specificity than the faster migrating complex (lower band). When ACE AtCFI and ACE AtFLS , respectively, were used as labelled probes similar results were obtained (data not shown). Since all ACEs did show a similar pattern of retarded bands and since all ACEs did cross-compete, we conclude that similar factors do recognize all four ACE variants.
The MREs of the CHS, CFI, F3H and FLS promoters are specifically bound by C1 in vitro
To determine if the functionally defined MREs of the CHS, CFI, F3H and FLS promoters can be recognized by a R2R3-MYB factor, EMSAs were performed using recombinant C1 protein. As shown in Figure 6B a specific DNA complex was detected with all four wildtype MREs (lanes 1, 3, 5, 7), which was not formed when the respective MRE core was mutated (lanes 2, 4, 6, 8 ). These results demonstrate that the MRE sequences functionally defined by transient expression assays are indeed recognized by a R2R3-type MYB factor.
P activates the CHS promoter via MRE
AtCHS
To further unravel the activity of the elements within LRU AtCHS , we tested the activation potential of known, genetically defined factors involved in regulating flavonol biosynthesis genes on the CHS promoter. Since P is expected to act independently of other factors, we assayed this factor first. As for the light induction, experiments were carried out in the context of the )164 minimal CHS promoter ( Figure 7A ). P strongly activated the CHS promoter in transient expression assays ( Figure 7B ). Mutation of MRE AtCHS completely abolished this activation, suggesting that MRE AtCHS is a functional binding site for the R2R3-type MYB factor P. None of the other mutations introduced into the CHS promoter (see below) affected activation by P.
C1 and Sn activate the CHS promoter via a newly defined R response element and MRE
AtCHS
When P was replaced by C1 in the cotransfection assays, no activation was observed ( Figure 7C ). Likewise, transfections without effector or with Sn alone did not result in activation of the -164 CHS promoter. However, when Sn was combined with C1, the CHS promoter was strongly activated. A mutation in MRE AtCHS greatly reduced the level of promoter activity in response to C1 and Sn, whereas a mutation in ACE AtCHS had no effect on activation by C1 and Sn. Mutation of ACE AtCHS in addition to MRE AtCHS (MREm and ACEm) resulted in a similar inducibility as the MRE AtCHS single mutant. These results indicate that activation by C1 plus Sn was dependent on MRE AtCHS . We reasoned that the BHLH factor Sn might also, at least in part, act via a cis-acting element. Close inspection of the CHS promoter sequence revealed a candidate target sequence for BHLH factors ( Figure 7A ). Since the BHLH factor R from Z. mays can be considered to be the prototype plant BHLH transcription factor, we designated the element RRE
(R response element). A block mutation in RRE
AtCHS resulted in a strong reduction of promoter activity in response to C1 and Sn. In addition, simultaneous mutation of MRE AtCHS and RRE AtCHS reduced promoter activity even further than either single mutation ( Figure 7C ). These results demonstrate that MRE AtCHS and RRE AtCHS act synergistically to confer CHS promoter activation in response to C1 and Sn. 
Mutations in RRE
AtCHS and ACE AtCHS separate the responses of the CHS promoter to light and to C1/Sn
The newly identified functional RRE AtCHS was assayed in the context of the previously characterized mutations with regard to light responsiveness Figure 7D ). Mutation of MRE AtCHS affected light responsiveness as described before, but the mutation of RRE AtCHS which reduces activation by C1/ Sn by 80% had no effect on the light responsiveness. The opposite was true for a mutation of ACE AtCHS which had no effect on activation by C1/ Sn but which abolishes light responsiveness.
In summary, our results showed that in each case the activation of the CHS promoter by light, C1/Sn and by P is dependent on MRE AtCHS . While the light-dependent promoter activity also relies on ACE AtCHS , the promoter activity in response to C1 and Sn depends on RRE AtCHS . These data show that differential interactions of MRE AtCHS with other cis-acting elements are crucial in generating the complex expression pattern of the CHS gene.
Discussion
Coordinated expression of CHS, CFI, F3H
and FLS RNA gel-blot experiments showed that the flavonoid biosynthesis genes CHS, CFI, F3H and FLS are expressed in A.thaliana leaves, flowers and siliques. These organs have been shown to be the main sites of flavonol accumulation in adult A.thaliana plants (Koornneef et al., 1982; Li et al., 1993; Shirley et al., 1995) . Dark-adaptation of plants resulted in very low levels of CHS, CFI, F3H and FLS transcripts. In leaves of dark-adapted adult plants as well as in At7 protoplasts, a strong light-dependent accumulation of the four transcripts was detected, with similar accumulation kinetics for all four analyzed transcripts. These observations fit well to the assumed role of flavonols in protection against UV, where they are thought to play a crucial role together with sinapate esters (Jin et al., 2000) . It should be noted that the dark adaptation failed to suppress transcript accumulation when the plants are stressed (by stresses other than light). This effect can become visible if the stress is so strong that parts of the plants turn purple due to anthocyanin accumulation, a process that requires the activity of CHS, CFI and F3H.
The plants used for RNA extraction were grown under conditions that do not cause anthocyanin accumulation. In the organs tested, either all four or none of the flavonoid biosynthesis gene transcripts were detected. This observation is in good agreement with the fact that the activities of all four gene products are required for flavonol formation and are probably organized in a multienzyme complex as indicated by yeast-two-hybrid experiments and colocalization studies (Winkel-Shirley, 2001 ). However, small differences in the expression levels were observed. These differences in transcript levels might not necessarily result in different protein levels. They possibly reflect the need for different activities in the very complex flavonoid biosynthesis pathway, where some activities are necessary for the production of many (in case of CHS for all) kinds of flavonoids, whereas others are only needed for one subclass of flavonoids (like FLS for flavonols).
Different subclasses of flavonoids are synthesized in response to different stimuli, in different organs and at different developmental stages. For the synthesis of each flavonoid subclass, coactivation of a different set of genes is required to finally allow synthesis of a given flavonoid. One example is the synthesis of either anthocyanidins or flavonols, which requires (in addition to other functions) DFR activity in case of anthocyanidins and the activity of FLS in case of flavonols (see Figure 1 ). Another example is the activation of the BANYULS (BAN) gene which leads to the accumulation of catechins, the precursors of the condensed tannin pigments of A. thaliana seeds. A lack of BAN activity results in seeds that accumulate anthocyanins (Nesi et al., 2000 (Nesi et al., , 2001 .
The transcript accumulation kinetics of CHS, CFI, F3H and FLS after UV-light treatment showed a lag phase of about 6 h before a parallel increase in transcript level for all four genes was detected ( Figure 2B and 2C) . Similar results were obtained for leaves from dark-adapted mature plants and protoplasts from dark-grown At7 cells, again demonstrating that the cell culture represents a suitable test system . The observed lag phase may be explained by the need for de novo protein factor synthesis during the light signal transduction process, an interpretation that is consistent with the block of transcript accumulation by the protein biosynthesis inhibitor chx (Figure 2D) . The block of protein synthesis by chx affects expression of all four genes in a similar way, an observation that extends earlier results on A. thaliana CHS (Christie and Jenkins, 1996) .
The presence of flavonols has been described in roots of developing seedlings and is discussed in the context of auxin signaling (Murphy et al., 2000; Buer and Muday, 2004; Peer et al., 2004) . We did not detect CHS, CFI, F3H or FLS transcripts in RNA from soil-grown adult roots. This finding might indicate that transcript levels in roots are below the detection limits of RNA gel-blots, that possibly root tips were missed by harvesting from soil, or, more likely, that the presence of flavonols in roots is dependent on the developmental stage with low or undetectable transcript levels of the respective genes in adult roots. These developmentdependent changes are also in accordance with the results presented by Peer et al. (2001) , who reported decreasing levels of flavonol aglycones in the course of A. thaliana seedling development. Data on transcript accumulation for the phenylpropanoid biosynthesis genes PAL1, CHS, CFI and DFR in response to light were also obtained from 3-day-old A. thaliana seedlings (Kubasek et al., 1992) . In such young seedlings, PAL1 mRNA began to accumulate before CHS and CFI mRNAs, which, in turn, both started to accumulate before DFR mRNA, reflecting the order of steps in flavonoid biosynthesis. In these studies a much reduced lag phase and expression levels reaching a maximum as early as 2.5 hours after the onset of illumination were reported (Kubasek et al., 1992; Pelletier and Shirley, 1996) . These findings indicate that the control of flavonoid biosynthesis gene expression in seedlings might be different from the control in adult plants that were addressed in this study. In fact, it has been shown that in seedlings CHS gene expression is under control of the phytochrome system while in adult tissues it is controlled by the cryptochrome system (Kaiser et al., 1995) . We assume that this developmental switch affects the other genes of the pathway in a similar manner. Taken together, our data revealed that the four enzymes catalyzing flavonol biosynthesis are coexpressed with respect to organ and developmental stage specificity as well as in response to light, and that de novo protein synthesis is needed for light-dependent accumulation of their transcripts.
Structure and function of the A. thaliana CFI, F3H and FLS promoters
The parallels in transcript accumulation observed for all four genes under investigation suggested a common regulatory mechanism. It is known that the regulation of CHS expression occurs mainly on the level of transcription (Chappell and Hahlbrock, 1984; Dangl et al., 1987; Feinbaum and Ausubel, 1988; Weisshaar et al., 1991) . The CHS promoter is one of the best studied plant promoters and several elements necessary and sufficient to control light induction of CHS expression have been identified . These promoter elements are conserved among CHS genes of various plant species Koch et al., 2001) . The light regulatory unit (LRU AtCHS ) of the A. thaliana Col-0 allele of CHS was characterized in detail and was shown to contain the functional cis-acting elements ACE AtCHS and MRE AtCHS . In the present study, we show that the same control elements also occur in the promoters of the three other coexpressed flavonol biosynthesis genes (Figure 3) . In all four promoters, light responsiveness was conferred by one ACE and one MRE. It should be noted that mutation of a single element strongly reduces promoter activity, but only double mutations abolish light inducibility completely. Each element therefore confers a basal light responsiveness, but only their combination yields the full response that is more than the sum of the responses conferred by the single elements. So, in all identified light regulatory units, ACE and MRE act synergistically to confer light responsiveness.
In any case, functional assays were required to identify the active element among several candidate sequences that could not be distinguished by sequence information alone. This observation highlights a general problem of in silico promoter analyses. It has been shown that sequences flanking the ACGT core motif influence the binding specificity of BZIP proteins (Williams et al., 1992; Izawa et al., 1993) . The sequences shown to be non-functional in our assay may not be recognized by the factor(s) involved in light induction. However, this does not exclude their participation in promoter activation processes in response to other stimuli or in other surroundings. Alternatively or in addition, the spacing of the cis-elements in the promoters might be relevant, as demonstrated for the parsley CHS promoter (Block et al., 1990) . The relative positioning of cis-elements might either allow or prevent a productive interaction of factors that need to contact each other for successful promoter activation.
When compared to the CHS promoter, both functional cis-elements in the F3H promoter occur in reverse orientation. In the FLS promoter, only the MRE shows reverse orientation, and it is the only case in which the MRE is located upstream of the ACE. Among the genes analyzed, the F3H promoter appears to be most divergent with respect to the presence of a clear TATA box like element (that is missing in all the others) and the much wider spacing of the elements in relation to the transcription start site. Most probably, these differences are compensated by protein interactions that are taking place in three dimensions and which allow the cooperation of the regulatory factors at each of the four promoters. On the other hand, the promoter differences might also reflect altered regulation under conditions not related to light induction. Hints for such altered regulations come from A. majus, where F3H is coregulated with DFR during flower development and not with CHS and CFI (Martin et al., 1991; Jackson et al., 1992) .
The observation that the mutation of ACS3 and MRS3 in the F3H and ACS2 in the FLS promoter lead to increased reporter activity (Figure 4) raises the possibility that these sequence elements are the binding sites for negative regulators of the light response. Jin et al. (2000) found that the transcription factor AtMYB4 acts as a repressor of C4H, a gene involved in hydroxycinnamic acid metabolism. Upon wounding or UVtreatment C4H is derepressed, resulting in increased synthesis of protective sinapate esters. This demonstrates that derepression mechanisms are involved in activating phenylpropanoid biosynthesis genes in response to UV light. Therefore, prevention of repressor binding to the mutated cis-acting elements might account for the observed increased promoter activities.
Differential interaction of MRE binding factors with factors recognising either the RRE or the ACE All ACEs tested showed a similar pattern of retarded bands when incubated with nuclear extracts and all ACEs were able to cross-compete these complexes. This observation correlates the ability of a nucleotide sequence to confer light responsiveness with its capacity to be bound by nuclear proteins and indicates that all four ACE variants are recognized by similar factors. Most ACGT binding factors known so far belong to the class of BZIP proteins, suggesting that the shifted bands detected in the EMSA experiments result from binding of BZIP factors to the probes. ACE sequences closely related those assayed here were also found to be bound in vitro by CPRF and GBF BZIP factors (Armstrong et al., 1992; Schindler et al., 1992) . However, it should be noted that in vitro data do not prove that the ACE-binding activity in vivo is also a BZIP factor. Only the ACE from the CFI promoter shows flanking sequences giving rise to a symmetrical G-box (Foster et al., 1994; Menkens et al., 1995) that also fits the consensus of the R motif (CANNTG; Blackwell and Weintraub, 1990; Bodeau and Walbot, 1996) which is recognized by BHLH factors. It might be that ACE AtCFI serves a dual role in stimulus-and tissue-specific gene regulation.
MYB factors have been shown previously to bind MRE-like sequences and to be involved in regulation of flavonoid biosynthesis in various species. For example, the flower specific factors AmMYB305 and AmMYB340 both interact in a sequence-specific manner with the P-box of the CFI promoter from A. majus (Moyano et al., 1996) ; and for Z. mays C1 sequence-specific DNA binding to the promoter of the A1 gene was shown (Sainz et al., 1997) . The activation of the CHS minimal promoter by C1/Sn is mediated via a MRE and a newly defined R-recognition element (RRE), acting synergistically and independently of a functional ACE. Similarly, in several Z. mays promoters (e.g. BRONZE2; Bodeau and Walbot, 1996) a ''C1-motif'' and a ''R-motif'' have been identified which are important for coactivation by specific MYB and BHLH transcription factors. Analysis of the Phaseolus vulgaris CHS15 promoter indicated that a 39 bp region, containing G-box and H-box elements, directed both, tissuespecific expression (Faktor et al., 1997b) and stress-responsive activation (Faktor et al., 1997a) in transgenic tobacco plants. The H-box shares similarity with the C1-motif and may act as a MRE. In Z. mays the MYB factor P controls the formation of 3-deoxy-flavonoids and phlobaphenes. In contrast to P, C1 is involved in the control of anthocyanin biosynthesis and activates anthocyanin biosynthesis genes only in combination with a BHLH cofactor. These findings clearly illustrate that different branches of the flavonoid pathway are differentially controlled by distinct MYB factors, and that these factors work via different modes of action. These different modes may either include combinatorial interactions of a given MYB factor with other transcription factors, more or less independent gene activation by the MYB factor in question, or even repression as reported for AtMYB4 (Jin et al., 2000) .
Genetic analysis in Z. mays, P. hybrida and A. majus has focused on tissue-specific and developmental regulation of pigment formation, whereas in biochemical systems like P. crispum, N. tabacum and A. thaliana stimulus-dependent expression, in particular the response to light or fungal elicitors, has been studied. The discrepancy between the identification of BHLH factors in Z. mays, P. hybrida and A. majus and BZIP factors in P. crispum, N. tabacum and A. thaliana could be explained on the basis of the results reported here. We hypothesize that BZIP factors may act predominantly in stimulus-dependent gene activation, while BHLH factors mainly serve to activate genes in a cell-identity dependent manner, at least in the context of flavonoid biosynthesis gene activation. Members from both factor families may share the ability to interact with MYB factors in generating specificity by combinatorial action.
